Adaptive binding, the ability of molecules to fold themselves around the structure of a ligand and thereby incorporating it into their three-dimensional fold, is a key feature of most RNA aptamers. 3
Introduction
Aptamers are short nucleotide sequences that bind to their targets with high affinity and specificity.
1, 2 RNA aptamers have been developed using systematic evolution of ligands by exponential enrichment (SELEX) for a variety of targets. 3, 4 The malachite green RNA aptamer (MGA) was selected to bind to malachite green (MG) 5, 6 and delivers a clear spectroscopic signature upon binding. 6, 7 It has been used in a variety of applications such as a binary probe for specific target sequences, 8 a chimeric probe for adenosine, 9 a diagnostic assay for MG 10 and even in biomolecular computing. 11 MGA also constitutes an excellent model system to study RNAsmall molecule interactions. We can use this model system to study the mode of binding found in most aptamers, the so-called adaptive binding or ligand induced folding. [12] [13] [14] [15] [16] A detailed understanding of these interactions is of significance for the development of RNA based biosensors and for the use of RNA as a drug or drug target. This type of macromolecule -ligand interaction is characterized by a largely unstructured binding pocket in the RNA that adopts a well-defined structure only upon binding of the ligand, which frequently becomes an integral part of the three-dimensional structure.
Two structures of MGA have been determined to date; a crystal structure of the aptamer bound to tetramethylrosamine (TMR) and a solution NMR structure of the complex with MG. 5, 17 These structures revealed that the interaction between MGA and its ligand lacks hydrogen bonding and relies solely on stacking and electrostatic interactions. This provided the opportunity to study the capacity of RNA to interact with small molecules in the absence of hydrogen bonding. These studies led to the discovery of an intrinsic catalytic capability in the MGA. An ester derivative of MG undergoes an RNA catalyzed hydrolysis reaction when binding to MGA.
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The reaction within the RNA binding pocket proceeds via a proton driven pathway, while the free MG ester hydrolysis proceeds via an OH-driven pathway. 18 The ability of MGA to catalyze a chemical reaction was not part of selection pressure applied during the SELEX procedure and illustrates the ability of RNA to incorporate multiple functions within the same molecule. More recently, it was shown that MGA changes its preference from the original ligand MG to TMR in the presence of Mg 2+ . 19 This observation emphasizes the environment dependent character of RNA-ligand interactions. The MGA binding pocket consists of a base quadruple (C7, G24, G29, A31) and a Watson-Crick base pair (G8, C28) with two base triples (C10, G23, A27 and U11, A22, A26) and a U turn motif providing the supporting frame work. 
Experimental Procedures

Sample preparation
The RNA used for ITC and NMR spectroscopy was prepared enzymatically from a synthetic were measured at 293 K to facilitate resonance assignments. The spectra were analyzed and assigned as previously described.
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ITC studies
Experiments were performed at 25°C on a MicroCal ITC 200 microcalorimeter (MicroCal, Inc., Northampton, Massachusetts). The 10-15 μM RNA solution was prepared by dissolving lyophilized RNA in 10 mM sodium phosphate buffer, pH 6.7 at the desired salt concentration.
The 100-150 μM dye solutions were prepared by dissolving solid dye in 10 mM sodium phosphate buffer, pH 6.7 at the desired salt concentration. RNA and dye for the preparation of dye:RNA ratio before starting experiment. The acquisition of data was set to 5000 pts at 20 s/pt followed by 2000 pts at 100 s/pt and 1000 pts at 500 s/pt. The measurements were performed in triplicate.
Results and Discussion
Characterization of free RNA by NMR spectroscopy Figure 3C ) and with 10 mM Mg 2+ ( Figure 3D ). In these spectra the formation of the binding pocket can be seen by the presence of the G23-G8
interaction which indicates the stacking of the G8:C28 base pair on the C10:G23:A27 base triple.
In addition, there are numerous NOEs between RNA and ligand (Data not shown).
The analysis of the NOE data indicates that the aptamer does not have a preferred stable structure for most nucleotides in the internal loop in the absence of a ligand. However, there is evidence for the formation of the G23:C10 base pair at the top of stem II in the presence of Mg 2+ .
This base pair forms a base-triple with A27 in the ligand bound aptamer and provides a base for the binding pocket by stabilizing the loop that forms its back side (U25, A27, and A26). Mg 2+ is present, the aptamer shows a larger increase in affinity for TMR than for MG, its original ligand (Kd (TMR) = 0.98 ± 0.08 M vs. Kd (MG) = 0.70 ± 0.06 M at 1 mM NaCl vs. 1 mM NaCl/10 mM MgCl2). 19 The crystal structure of the MG-TMR complex ( Figure 1) which was obtained in the presence of Sr 2+ shows that a divalent ion is bound near the G23:C11 base pair. It seems likely that this metal ion binding site is involved in stabilizing stem II in the presence of Mg 2+ as evident from the NOESY spectra.
Competitive Isothermal titration experiments
The competition ITC studies were conducted at two different buffer conditions, 150 mM NaCl and 1 mM NaCl, 10 mM MgCl2. These conditions are based on our previous ITC binding studies where we analyzed the binding interaction with free MGA. 19 The competition experiments were performed with PY or CV pre-bound to the aptamer since samples with pre-bound TMR and MG did not show any detectable signal when PY or CV as competing ligand were titrated in. This is expected since MG and TMR have significantly higher binding affinities than CV and PY.
As a first step the binding affinities/complex dissociation constants for TMR and MG were measured using the displacement fitting approach from Sigurskjold. 28 Table 1 With the known values for KA and ΔHA the values for KB and ΔHB can then be determined.
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From However, this is only completely correct if the aptamer returns after dissociation of the original ligand to the same structure or ensemble of conformations that was present in the free RNA.
Thus the observed differences of the thermodynamic parameters could be due to the different conformations and sampling of conformations space caused by the presence of a competing ligand. In order to better understand these differences, we analyzed the ITC data with the alternate single site model. This fit produced similar chi 2 values to the displacement model.
Using this alternate model allows for direct comparison of the thermodynamic values to the
results of binding to free RNA which were determined with the same model. The results of this analysis are summarized in Table 2 . concentration. An increase in either temperature or injection time allows the aptamer to explore a larger conformational space resulting in a higher n value, while an increase in Mg 2+ concentration leads to a decrease in n value due to the reduction of conformational space that is being explored. 31 The decrease of n value seen in the case of pre-bound ligands (see Table 1) suggests that MGA is restricted from exploring different conformations similar to the stabilizing effect of the bound metal ion. It should be mentioned that based on work by Tellinghusen 32 the Kd reported for CV and PY in our initial work may be less accurate due to the low c value used in the experiments. However, in this work we are comparing the effect of pre-bound CV and PY on the binding of MG and TMR and hence the effect of this lower accuracy should be minimal.
Kinetic binding experiments
The kinetic studies were conducted at three different buffer conditions, 150 mM NaCl; 1 mM NaCl, 10 mM MgCl2 and no added salt. In addition, experiments were also conducted with CV pre-bound to MGA at a 2:1 dye:RNA ratio. The MGA CV complex was chosen for these studies 14 because this complex offered a convenient observation of the binding kinetics via fluorescence.
CV has no detectable fluorescence when not bound to the RNA, unlike PY which is fluorescent both, in its free and RNA bound form. Table 3 summarizes the initial rates of binding from these experiments.
The results summarized in Table 3 show that TMR binds to MGA at a 1.7 times faster rate than MG in 150 mM NaCl solution. Binding for both TMR and MG is significantly slower in the 
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Conclusions
In summary, the ITC and kinetic experiments described here show that MGA is kinetically trapped in a conformation or ensample of conformations that favors the first ligand it binds. This results in a reduced apparent affinity, even when challenged with a competing ligand that has a higher affinity for the free RNA than the pre-bound one. This becomes evident in a slower initial rate of binding in the presence of a competing ligand. The plasticity of the free RNA aptamer allows it to eventually adapt to somewhat differently shaped ligands, planar and non-planar triphenyl dye derivatives in this case. Our ITC experiments and the analysis using two alternate binding models show that there is an energy penalty involved in restructuring the binding pocket.
The kinetic work demonstrates that MG binds slower than TMR and the presence of magnesium reduces the initial rate of binding for both. Based on what we know about the effect of magnesium on thermodynamics and structure we conclude that the penalty involved in restructuring the binding pocket is due to the RNA being kinetically trapped in a conformation that is not optimal for binding the new ligand. Mg 2+ further stabilizes this conformation and thereby reduces the amount of conformational space that can be explored by the aptamer. Kinetic studies of other aptamer-ligand systems have found mainly one step binding, [34] [35] [36] [37] however two-step binding processes have been revealed by studying variants of the thiamine pyrophosphate (TPP) 38 and 7-Aminomethyl-7-deazaguanine aptamers. 39 A recent study using the novel kinITC approach, which obtains both kinetic and thermodynamic information from ITC experiments, has shown that the enthalpy term can be expressed as a combination of binding and folding terms using an analysis method that employs two distinct kinetic steps. 40 The application of this method to the TPP riboswitch confirmed that the switch is under kinetic control while the detection of TPP at the low cellular concentrations is thermodynamically driven.
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